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Ab initio guided optimization of GaTe for radiation detection applications

Cedric R. Leão∗ and Vincenzo Lordi†

Lawrence Livermore National Laboratory, Livermore, CA, 94550, USA

The development of semiconductor-based radiation detectors that display high energy resolution while op-
erating at room temperature is a pressing need for both scientific applications as well as homeland security.
Practice has proven that the real performance of materials in such applications is often hindered by intrinsic
defects and accidental impurities. Experimental efforts to improve the properties of such materials are both time
consuming and costly, since they rely largely on trial and error. In this paper, the properties of gallium telluride
(GaTe)—a high Z, moderate band gap semiconductor—are investigated for room-temperature radiation detec-
tion applications. Systematic theoretical modeling basedon density functional theory calculations is used to
suggest experimental processes to grow this semiconductorwith optimal properties, by judiciously identifying
the most detrimental native defects and devising ways to minimize their occurrence as well as compensating
their electronic impact on the crystal. The analysis suggests that material grown Ga-rich would have signif-
icantly higher resistivity, carrier mobilities, and carrier lifetimes compared to Te-rich material. In addition,
Ge doping and In doping can be effective for carrier compensation of the material. Doping with Ge can be
especially effective, if the ambipolar nature of substitutional incorporation on both Ga and Te sites is exploited.

PACS numbers: 61.72.Bb, 71.55.Ht, 72.20.Jv, 61.50.Ah

I. INTRODUCTION

Among the plethora of applications of semiconductors in
electronic devices, the fabrication of radiation detectors is one
in which the presence of free carriers is not desirable. The
operation of such detectors relies on the ability to precisely
measure photo-induced current in the material, enabling the
inference of the energy of the incident radiation. For this pur-
pose, background free carriers in the material add noise to
the desired signal. Therefore, materials with high resistivity,
& 1010 Ω-cm, are sought. In semiconductors, the main source
of these undesired free electrons or holes are crystalline point
defects and impurities. Not only may such defects add free
carriers to the material, but they also disturb its periodicpo-
tential, which can result in significant scattering of carriers
flowing in an electric current, reducing their mobilities. More-
over, native defects and impurities can introduce semi-filled
levels in the band gap. These levels can accept or donate elec-
trons to the host material, acting as carrier trapping centers,
reducing the effective lifetimes of the photo-excited carriers.
The detector energy resolution, which is sought to be maxi-
mized, is degraded if incomplete carrier collection occursin
the device from the carrier drift length (mobility× lifetime×
electric field, orµτE) being too short compared to the phys-
ical dimension of the device. For detection of gamma rays
and X-rays, absorption depths are on the order of a centimeter
for most semiconductors, so an ideal value of theµτ figure of
merit is on the order of10−2 cm2/V or greater.1,2

Currently, two semiconductors are dominant for applica-
tions in radiation detectors. The first is germanium, a material
which routinely can be grown with high purity and extreme
crystallinity, in addition to presenting extremely high carrier
mobilities. The disadvantages of Ge are that it possesses a rel-
atively low atomic number (Z), which leads to a long absorp-
tion depth, and a relatively small band gap, which requires
cryogenic cooling to achieve low-noise operation. The re-
quirement for cryogenic cooling limits large scale applications
and increases the cost of Ge-based devices.3 The other preva-

lent material is CdxZn1−xTe (CZT), which has a band gap
large enough for low-noise operation at room-temperature.
However, the addition of ( 10 at%) Zn to CdTe to form the
CZT alloy introduces significant internal strains to the lat-
tice, making the growth of large defect-free single crystals of
CZT difficult. Often, only small grains can be harvested from
a grown boule, manually selected to exclude portions of the
crystal containing extended defects. For a high performance
CZT detector, many such small pieces must be harvested and
combined to obtain sufficient volume for efficient absorption
of radiation, leading to a very high material cost (often pro-
hibitive for high-volume applications).1,2

Thus, the pursuit of new materials for efficient, high-
resolution radiation detectors operating at room-temperature
has been intense. The criteria for a high-performance semi-
conductor material are: (a) highZ, (b) a band gap sufficiently
large relative to thermal excitation of carriers (&1.6 eV), (c)
high carrier mobilities, (d) long carrier lifetimes, and (e) the
possibility to grow the material with high crystallinity and pu-
rity. Within these criteria, gallium telluride (GaTe) is a possi-
ble strong candidate, with a band gap of∼1.7 eV 4 and also a
relatively high averageZ of 45, withZGa = 31 andZTe = 52.
Several groups, however, have reported that as-grown material
appears always to bep-type, with high free carrier concentra-
tions (∼1016–1017 cm−3), low resistivities (∼20–200Ω-cm),
and very low carrier mobilities (∼10–60 cm2/V-s).4–9

In the report, we describe the use of a fullyab-initio theo-
retical tool set10–12 to analyze how intrinsic defects and acci-
dental impurities hinder the performance of GaTe as a room-
temperature radiation detector, and how possible compensa-
tion dopants behave to improve the properties. In Sect. II,
we discuss the computational methodology. In Sect. III A,
we evaluate which intrinsic defects are prevalent under dif-
ferent growth conditions and determine their electronic na-
ture as either acceptors or donors and any deep levels they
introduce. The computational results are assessed againstex-
perimental data. In the Sect. III B, we analyze the effects of
two likely impurities, O and H, on the electronic structure of
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the material. In Sect. III C, we study two possible compen-
sation dopants for GaTe: In, which may diminish the occur-
rence of Ga vacancies; and Ge, which may counteract the ex-
cess of holes consistently reported for as-grown material.The
net excess carrier concentrations in the material for the var-
ious cases we consider are determined self consistently and
reported in Sect. III E. The results indicate that the pristine
material should ben-type over most of the allowed range of
growth conditions. However, our analysis shows that the in-
troduction of impurities, particularly H, even in relatively low
concentrations can turn the materialp-type, in agreement with
experiments. We further show that Ge doping can be effec-
tive for compensating the free carriers in GaTe, resulting in
higher resistivity material, particularly when combined with a
careful annealing prescription. Finally, in Sect. III F, weana-
lyze the impact of each considered defect or dopant on charge
transport (carrier mobility) in the material. We find that the
dominant Ge- and In-related defects are much weaker carrier
scatterers than some of the most frequent intrinsic defectsin
GaTe, making these elements desirable dopants. In Sect. IV,
the whole of the results are considered in terms of the positive
and negative effects of each considered defect on the detec-
tion performance of GaTe. The most detrimental defects and
impurities are identified, and the efficacy of each dopant is
considered in light of any possible negative effects on device
performance. Finally, in Sect. V, we summarize our results
and present suggestions for crystal growth processes to pro-
duce higher quality material for radiation detection applica-
tions.

II. CALCULATION DETAILS

Calculations were performed using density functional
theory (DFT)13,14 within the local density approximation
(LDA)15 and the supercell approximation. Core electrons
were treated with the projector-augmented wave (PAW)
method,16,17 as implemented in the ViennaAb Initio Simu-
lation (VASP) code.18–21 Valence electrons were represented
with planewaves using an energy cutoff of 380 eV; for calcu-
lations involving oxygen atoms, a planewave cutoff of 500 eV
was employed. Structural optimizations were performed
using a conjugate gradients algorithm until the Hellmann-
Feynman forces on all atoms were less than10−2 eV/Å.

GaTe presents a layered and highly anisotropic structure,
with a monoclinic primitive cell composed of 6 Ga–Te units.22

Brillouin zone (BZ) sampling was performed using the tetra-
hedron method with 88 irreducible points in the primitive cell
(7× 7× 6 sampling). Our tests indicated that after full atomic
and volumetric relaxations, the LDA reproduces the measured
crystal structure, including the interlayer spacing, associated
to the lattice vectorc indicated in table I with errors of less
than 3%. Calculations using the PBE generalized gradient ap-
proximation (GGA)23 resulted in errors greater than 7% for
the interlayer spacing (see Table I).

The LDA calculated band structure for bulk GaTe, shown
in Fig. 1, also reproduces the main features of the experi-
mental data, including a direct band gap at theZ point of

TABLE I: GaTe structural parameters for different calculations.The
primitive vectorsa andb are contained on the layer plane andc is
across the layers. Bond lengths and distances are given inÅ, the
angleγ formed between the vectorc and the plane formed by vectors
a andb is given in degrees, andε represents the percent discrepancies
between the theoretical and experimental data.

Experimentala GGA εGGA(%) LDA εLDA (%)
Ga1–Ga2 2.43 2.46 1.23 2.39 1.65
Ga3–Ga3 2.44 2.48 1.64 2.41 1.23
Ga1–Te1 2.64 2.69 1.89 2.64 ≈ 0
Ga3–Te3 2.69 2.72 1.12 2.67 0.74

a 23.76 23.97 0.88 23.43 1.39
b 4.068 4.14 1.77 4.06 0.2
c 10.46 11.26 7.65 10.25 2.01
γ 45.4 48.65 7.16 44.50 1.98

aRef. 22

FIG. 1: DFT-LDA band structure of GaTe. The energy of the valence
band maximum has been set to 0 eV.

the BZ, as previously reported.24 (Including spin-orbit effects
does not significantly alter the band structure, as also previ-
ously reported,25 so we neglect it here.) The calculated band
gap is 0.68 eV, significantly below the experimental value of
1.8 eV,4,9,24as expected for LDA.

The Brillouin zone for GaTe is shown in Fig. 2. The band
edges coincide with the high symmetry pointZ. The direc-
tion Z–Γ corresponds to the direction across the atomic lay-
ers, perpendicular to the projection plane in Fig. 3. The di-
rectionsZ–M andZ–H , respectively, correspond to the two
in-layer directions indicated by the Y and X axes in Fig. 3.

Previous experimental work on other layered materials,
such as GaSe, has established that unexpected anisotropy of
the effective masses of carriers often is found, with values
as much as four times smalleracross the layer planes than
within them.26 For GaSe, this is the case for holes, whereas
for electrons the effective mass in the layer plane is about
three times smaller than perpendicular to it. Experimentalre-
sults for the effective mass of holes in GaTe point to similar
effects:m∗

h⊥ = 1.0 andm∗
h‖ = 0.2 were reported in Ref. 27,

whilem∗
h⊥ = 0.995 andm∗

h‖ = 0.46 were reported in Ref. 9.
Neither of these works report measured effective masses of
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FIG. 2: (Color online) Brillouin zone of GaTe with the reciprocal
lattice vectors and high symmetry points indicated.

TABLE II: Calculated effective masses, in units ofm0, for electrons
(m∗

e) and holes (m∗
h) in GaTe in different crystallographic directions,

using the LDA.

BZ direction (see Fig. 2) m∗
e m∗

h

Z–Γ (across atomic layers) 0.160 0.123
Z–M (in-layer, along Y in Fig. 3) 0.198 0.166
Z–H (in-layer, along X in Fig. 3) 0.132 0.746

electrons. They also do not distinguish between the unequal
directions within the layer planes of GaTe (e.g., axes X and Y
in Fig. 3).

Given the two different orientations of the Ga–Ga bonds
in the structure of GaTe, it is reasonable to expect signifi-
cant differences in the transport of carriers even in different
in-plane directions. Indeed, we find that is the case, partic-
ularly for holes, as shown by the effective masses listed in
Table II, which were extracted from the calculated band struc-
ture. Our calculated results show that along theZ–M direc-
tion (in the planes, along the horizontal Ga–Ga bonds), holes
have an effective mass almost 6 times smaller than in the other
in-plane directionZ–H (perpendicular to the Ga–Ga bonds).
The hole effective mass across the layers is the lower than
both in-plane directions, in general agreement with the exper-
iments. Electrons show only a weak anisotropy of the effec-
tive masses. One might simplistically deduce the anisotropy
of carrier mobilities in the different directions by comparing
the effective masses, however for the across-plane direction
the mobility apparently is limited by scattering off homopolar
optical phonons,27 leading to relatively lower carrier mobili-
ties in this direction. In any case, one must choose carefully
and control were to place electrical contacts with respect to the
crystallographic directions when fabricating devices forelec-
trical measurements of GaTe, and ultimately for fabricating
detectors.

For the study of point defects in the GaTe structure, we
used a supercell composed of 144 atoms, with dimensions
24.23 × 23.40 × 10.26 Å, and thea andb supercell lattice
vectors aligned with the layer plane (see Fig. 3). Figure 3
also indicates the possible defect incorporation sites. Note
that the stacking of the layers is tilted relative to thez-axis

FIG. 3: (Color online) GaTe supercell with main defect incorporation
sites indicated. Ga atoms are small brown spheres and Te atoms are
large light blue spheres. Different substitutional sites are highlighted
in red and green for Ga and Te, respectively, and labeled1 and3.
Interstitial sites are indicated by labelsI1−I4. Note that sitesI2 and
I4 differ in thatI2 is within the atomic layer whileI4 is over it.

indicated on the figure. For this supercell, we used 28 irre-
ducible points (3×3×6mesh) for the Brillouin zone sampling
with the tetrahedron method. Finite-size errors were checked
against a 192-atom supercell containing two unit layers (di-
mensions16.18× 23.42× 20.53 Å), for the case of a Te va-
cancy; differences in defect formation energy and intra-gap
charge transition levels between the two supercells were of
the order10−2 eV. We preferred the use of 144-atom super-
cell for the bulk of the work presented in this paper due to its
greater uniformity.

Charged defects were studied by adding or removing elec-
trons from the supercell and adding a compensating uniform
background charge to ensure charge neutrality of the periodic
system (by the usual approach of nullifying theG = 0 term
of the potential energy Fourier transform). Spurious electro-
static interactions between the charged defect and its periodic
images were analyzed to first order with the Makov-Payne
monopole-monopole term:28

EMP = −
q2α

2Lε
, (1)

whereq is the charge state of the defect under consideration,
α is the madelung constant of the supercell (0.9 for the cell of
Fig. 3),L is the distance between image defects (in our case,
24 Å for the largest distance and10 Å for the shortest one) and
ε is the dielectric permittivity of the material (7.7 for GaTe9).
We note that the large size of the supercells used in this work
lead to corrections in the total energy from Eq. (1) of less than
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25 meV for doubly-ionized defects, which is practically neg-
ligible.

III. RESULTS AND DISCUSSION

A. Intrinsic defects

1. Structure and electronic character

The low-symmetry and anisotropic structure of GaTe re-
quires consideration of several nonequivalent defect incorpo-
ration sites, which are highlighted within a supercell in Fig. 3.
In general, the unit cell contains six atoms, with three sym-
metry inequivalent Ga and Te sites each. The substitutional
sites are highlighted in black and dark red for Ga and Te, re-
spectively. The Ga sites indicated by 1 and 3 are qualitatively
different by involving either in-plane Ga–Ga bonds (1) or per-
pendicular Ga–Ga bonds (3). We refer to the in-plane Ga–
Ga bonds are “horizontal” and perpendicular Ga–Ga bonds
as “vertical” in the remainder of this text. The two differ-
ent Te sites are categorized by the number of bonds made to
each type of Ga atom: site 1 has two bonds to “horizontal”
Ga atoms and one bond to a “vertical” Ga atom, while site
3 has all three bonds to “vertical” Ga atoms. Two additional
substitutional sites, labeled 2, correspond to Te atoms making
one bond to horizontal Ga atoms, as well as vertical Ga atoms
with no bonds to Te atoms on site 3.(See also Fig. 4.) De-
fects on sites 2 were not explicitly calculated for most cases,
since their characteristics are similar to sites 3. Figure 4illus-
trates the qualitative electronic difference between site1 and
sites 2 and 3, for both Ga and Te sites, by showing the atom-
projected local density of states at the band edges (Z point
in the Brillouin zone24). A clear distinction of site 1, with a
small contribution to the formation of the band-edge states,
and the similarity between sites 2 and 3 is apparent. Thus,
we can expect different behavior of substitutional defectsin-
corporated on the different sites, which we will show below
to be the case, markedly for some defects. Finally, four dif-
ferent interstitial sites, which can be occupied by either Ga or
Te atoms, are also indicated in Fig. 3 by translucent circles
labeled I1 to I4.

We calculate the equilibrium concentration of each intrin-
sic point defect from its formation energy,∆Ef , which for
moderate pressures and temperatures is given by29

∆Ef = Ed − (Ep − nµx +mµy) + q(µe + EVBM ), (2)

whereEd andEp are the total energies of the defective and
the pristine supercells, respectively,n (m) is the number of
atoms of elementx (y) removed from (added to) the supercell
and added to (removed from) a reservoir whose chemical po-
tential isµx (µy), q is the amount of charge exchanged from a
reservoir with electron chemical potentialµe, which we refer-
ence to the energy of the valence band maximum,EVBM .

The energies of the atomic chemical reservoirs in equilib-
rium with the crystal depend heavily on the growth conditions.
However, we can set limits on their variation from the fol-
lowing requirements11,29,30: (i) the atomic chemical potential

FIG. 4: (Color online) Density of states at theZ point of the Brillouin
zone, projected on each of the inequivalent atoms of the primitive
cell of GaTe. On top, we show an edge-on view of one atomic layer
of the crystal, with Ga atoms represented by smaller spheresand Te
atoms by larger ones. Different colors correspond to the different
sites (refer to the text), as labeled in the key. The top of thevalence
band was set at 0 eV and a Gaussian smearing of 0.2 eV was used.

in the compound is alwayslower (i.e., more negative) than
the element’s bulk potential, (ii) the heat of formation of the
compound,∆Hf , equals the difference between the elemen-
tal chemical potentials in the compound and their upper limits
(i.e., their bulk values), and (iii) there can be the occurrence
of competing phases involving the constituent elements and
also possibly impurities (e.g., Ga2Te3, GaInTe, GeTe, etc.).
Symbolically, we have:

µx ≤ µB
x

µx + µy = ∆Hf + µB
x + µB

y (3)

µxy ≤ µx2y3
, µxy ≤ µxyz, ...

whereµx andµB
x represent the chemical potential of con-

stituentx in the compound and in the bulk, respectively. The
compound heat of formation is given by

∆Hf = µxy − µB
x − µB

y . (4)

The equilibrium concentration of a defect is then given by

c = c0 exp

(

−
Ef

kBT

)

, (5)

wherec0 is the concentration of possible sites for the defect,
kB is Boltzmann’s constant, andT is absolute temperature.

The formation energy of each intrinsic defect is calculated
using Eq. (2), for each possible incorporation site. The condi-
tions of Eq. (3) are applied to compute the formation energies
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under conditions of stoichiometry (equal amounts of Ga and
Te atoms to react, orµGa = µTe = ∆Hf/2), the Ga-rich limit
(µGa = µB

Ga andµTe = 0), or the Te-rich limit (µTe = µB
Te and

µGa = 0). The results for the most important defects (low-
est formation energies) are shown in Fig. 5. Data for intrinsic
interstitials on sitesI2, I3, andI4 are excluded from Fig. 5,
since they have significantly higher formation energy than in-
terstitials on siteI1 (between 1 and 0.37 eV for Te and 0.8 and
0.2 eV for Ga). We also haven’t observed qualitatively differ-
ent electronic behavior between interstitials on these sites and
on siteI1.

The formation energies of the charged intrinsic defects in
GaTe as a function ofµe are displayed in Fig. 5. For clarity,
only Fig. 5(b) shows all of the defects studied, while Fig. 5(a)
and (b) only show the six lowest formation energy defects for
the respective chemical condition. We note that the variations
in the chemical environment (µGa andµTe) only shift the for-
mation energy curves up or down, but do not change the po-
sitions of the charge state transitions indicated by symbols in
the Fig. 5.

We observe a general trend that antisites on positions la-
beled 1 and interstitials on positions labeledI1 in Fig. 3
present significantly lower formation energy than the corre-
sponding defects on sites labeled 3 orI2. The reason is that
sites 1 are closer to the domain of horizontally aligned Ga–Ga
bonds, where the lattice is more open and can more easily ac-
commodate defects with increased volume. This phenomenon
is shown in Fig. 6, where the relaxed structures of Te and Ga
interstitials on sitesI1 andI2 are compared. The increased
lattice distortion and local strain in theI2 interstitials is appar-
ent, while theI1 interstitials relax into the open space around
the horizontal Ga–Ga bonds. Similarly, interstitials on site
I4 have significantly lower formation energy than on siteI3
because in the former case the impurities relax into the open
region of horizontal Ga–Ga bonds. For vacancies, the trend
is the opposite, since these are negative formation volume de-
fects. Thus, the formation energies ofVGa andVTe are lower
on site 3 than on site 1, since the atomic packing is higher
around site 3 and a vacancy generates less structural deforma-
tion than on the emptier region of site 1.

Figure 5(a) shows that for Ga-rich conditions, the dominant
defect for intrinsic material and across most all of the band
gap is the positively charged Ga interstitial Ga1+

i . Forn-type
material with the Fermi level in the upper part of the band
gap, negatively charged Ga antisites GaTe are dominant. For
Te-rich conditions shown in Fig. 5(c), a delicate balance ex-
ists among the predominant defects. The Ga interstitial Ga1+

i

dominates for highlyp-type conditions, while Te0i1, Te1−Ga1,
andV 1−

Ga3 all have low formation energies near intrinsic con-
ditions. For highlyn-type material, the doubly negative Ga
vacancyV 2−

Ga3 is dominant. Under stoichiometric conditions
shown in Fig. 5(b), the material behaves similarly to Ga-rich
conditions, with the Ga1+i dominant for electron chemical po-
tentials through most of the band gap, butV 2−

Ga3 dominate for
highly n-type conditions.

Analysis of the intragap levels introduced by the differ-
ent defects, highlighted by the symbols in Fig. 5 that de-
note the defect charge state transitions, reveals a strong site-

dependence of the electronic character of defects on Ga sites.
In particular, the intragap levels introduced byVGa and TeGa

are significantly deeper on site 3 than site 1. For the case
of VGa, which is an acceptor, the deep level corresponds to
the transition from the−1 to −2 charge state, while for the
negative U TeGa defects, the transitions are from+1 to −1
charge states. This site anisotropy is not observed for defects
on Te sites (VTe and GaTe), for which the charge transition lev-
els are not site-dependent. We will see later, however, that
this site anisotropy on Ga sites does not carryover to the case
of dopants and actually has much to do with electronic rear-
rangement at the Te sites surrounding the defects.

In Fig. 7, we show partial charge density plots forVGa1 and
VGa3, to compare the electronic nature of the two Ga sites.
Partial charge densities corresponding to the two highest fully
occupied levels, a semi-filled state at the Fermi level, and the
lowest fully unoccupied level are shown for each defect (see
figure caption). The most striking differences occurs for the
highest occupied level [(b) vs. (f)] and the semi-filled level
[(c) vs. (g)]. These dissimilarities indicate a differencein the
symmetry and the very nature of the levels associated with the
same nominal defect (e.g.,VGa) when it is placed on the differ-
ent Ga sites. More subtly, while the second highest occupied
level [(a) vs. (e)] and the lowest unoccupied level [(d) vs.
(h)] appear generally similar for the two sites, there is a more
pronounced reorientation of the lone pairs on the surround-
ing Te atoms toward the defect for theVGa3 case compared
to VGa1. This indicates that the lone pairs of the Te atoms
around the defect reorient in order to partially reform the bro-
ken bonds left by the vacancy. This reorientation of the Te
lone pairs does not occur for defects on Te sites, which are
always surrounded by neighboring Ga atoms, explaining the
lack of electronic anisotropy observed for defects on different
Te sites.

To further understand the site anisotropy for defects on Ga
sites, we examine in Fig. 8 the bonding configurations around
Ga-site defects and the symmetry of the surrounding bond
lengths. The lefthand-side figures correspond to defects onGa
site 1, while the righthand-side figures correspond to defects
on Ga site 3. Three different defects are shown for illustration:
VGa, TeGa, and GeGa. The last defect, which is an impurity, is
discussed in more detail in Sect. III C below.

Comparing the uppermost panels for the twoVGa defects,
we see why the reorientation of the Te lone pairs is more pro-
nounced in rebuilding the broken bonds forVGa3 than forVGa1:
the distances between the remaining Ga atom near the vacancy
and the surrounding Te atoms are smaller on average forVGa3

than they are forVGa1; the bond lengths are also more symmet-
ric for VGa3. Moreover, we see that for TeGa (the middle pan-
els in Fig. 8) the symmetries of the atomic relaxations (Jahn-
Teller distortions) are quite different on the two sites. This
explains the change in the symmetry of the highest occupied
and semi-filled levels onVGa illustrated in Fig. 7. Finally, in
the bottom panels of Fig. 8, for the GeGa substitutional defect,
we demonstrate that the distortions are much less pronounced
for the case of substitutional impurities on Ga, and the dif-
ferences between sites 1 and 3 are correspondingly much less
pronounced. (Here, we only show the Ge impurity, but this
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FIG. 5: (Color online) Formation energies of intrinsic defects in GaTe as a function of electron chemical potential, where the dashed vertical
lines indicate the positions of the calculated valence bandmaximum (VBM) and conduction band minimum (CBM). Results for (a) Ga-rich,
(b) stoichiometric, and (c) Te-rich are shown. The slope of each line segment indicates the charge stateq from Eq. (2) with the lowest formation
energy for each defect over a given range ofµe. The symbols indicate the charge state crossings where a given defect changes charge. (The line
segment continuations for each charge state above the lowest formation energy one are not shown for clarity.) Filled squares indicate acceptor
levels (transitions involving capture of an electron or more negative charge), while open circles indicate donor levels (transitions involving
release of an electron or more positive charge). Asterisks indicate negative-U transitions fromq = +1 to q = −1 with no region of stability
for theq = 0 charge state. In (a) and (c), only the six lowest formation energy defects are shown, for clarity.

FIG. 6: (Color online) Relaxed structures of Te and Ga interstitials,
comparing sitesI1 andI2 from Fig. 3.

result is general for the set of impurities we have studied and
discuss later in Sect. III C.) As we will show in more detail
in Sect. III C, substitutional impurities on Ga, like all defects
studied on the different Te sites, do not show significant site
anisotropy of their electronic structures.

2. Intragap levels: theory vs. experiments

Experimentally, at least three deep acceptor states (at 0.40,
0.59, and 0.67 eV above the VBM) and one shallow accep-
tor level (at 0.14 eV above the VBM) were observed in un-
doped GaTe using deep level transient spectroscopy (DLTS)
and low-temperature photoluminescence, respectively.6,8 The
shallow level was tentatively assigned to the0/− transition
of VGa, while attempts to associate the deep levels to spe-
cific intrinsic defects were made based on the thermal history
behavior of DLTS peaks, particularly whether the peaks are
quenched, enhanced, or stable to thermal annealing. Thus, in
Ref. 6, tentative assignment was made of the 0.67 eV deep
level to doubly ionizedVGa, since the peak was thermally en-
hanced; the 0.59 eV peak top TeGa, since the peak was ther-
mally stable; and the 0.40 eV peak to a complex between Ga
interstitial and Ga vacancy Gai–VGa, since the peak was ther-
mally quenched.

In Fig. 9, we show the calculated acceptor levels (red lines)
of all intrinsic defects overlaid on the experimentally observed

levels (blue dotted lines). We see that indeed Ga vacancies in-
troduce very shallow acceptor levels. However, GaTe antisites
also introduce very shallow levels and should be much more
prevalent than vacancies under Ga-rich conditions due to the
lower formation energies [see Fig. 5(a)]. The GaTe double ion-
ization could also be consistent with the higher energy deep
levels observed experimentally. TeGa antisites also show rea-
sonable, but not unambiguous, alignment with the measured
data. A particular question is whether all four of the predicted
levels (two each for each Ga site) are separately observable
and consistent with the data.

Since the concentrations of both Ga and Te interstitials are
significant under all growth conditions, one might argue that
for Te-rich material, annealing drives Tei to occupyVGa sites,
creating TeGa antisites and enhancing charge trapping by these
antisites. On the other hand, one could argue that under Ga-
rich conditions, thermal treatment drives the reaction of GaTe

with Tei to form Gai, that could then occupy Ga vacancies,
quenching charge trapping associated with both Ga vacancies
and antisites. Thus, it is difficult to assign levels to specific
defects based solely on the thermal response. It is particu-
larly important to know the stoichiometric regime of the crys-
tal during growth and/or annealing. Additionally, as shown
above, one must consider the possibility that the electronic
anisotropy of defects on different Ga sites, such asVGa and
TeGa, can result in two distinct levels observed for the same
nominal defect on different sites. Figure 9 clearly shows how
the theoretical results for bothVGa and TeGa can be consis-
tent with the experimental data when accounting for the site
anisotropy of the electronic behavior of these defects.

Given the experimental observation of excess Te atoms
at grain boundaries in the crystals and reports ofp-type
conductivity4–9 (see below), we believe that GaTe is grown
mostly in a Te-rich environment. Then, it is reasonable from
our theoretical results to assign the measured deep acceptors
to the doubly ionized Ga vacancy and Te ansitites, as pro-
posed, since these defects introduce deep levels consistent
with the experimental data and also are dominant defects in
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FIG. 7: (Color online) Partial charge densities of theVGa1 (a–d) andVGa3 (e–f) defects, for states near the Fermi level. The states shown in (a),
(b), (e), and (f) are the highest fully occupied levels; (c) and (g) are semi-filled states at the Fermi level; and (d) and (h) are the lowest fully
unoccupied levels. The energy of the states increases from left to right in the figure. Comparison of (b) and (f), as well as(c) and (g), shows
the markedly different nature of the molecular orbitals on the two Ga sites. The isosurface in each plot encloses half of the total charge in the
corresponding level.

equilibrium under Te-rich conditions. The shallow level is
consistent with single ionizedVGa. However, tests we per-
formed for defect complexes consisting of a Ga vacancy (on
site 1) and a neighboring Te interstitial (on two possible sites
I1 andI2) resulted in relaxation to TeGa, indicating that the
vacancy–interstitial complex is not stable. TheVGa–Gai com-
plex is similarly unstable, particularly considering thatthe iso-
lated defectsVGa and Gai are oppositely charged (see Fig. 5)
which leads to a Coulombic attraction and annihilation of the
defects rather than complex formation.

We note that the interpretation of the defect formation en-
ergy calculations above, in light of computing equilibriumcar-
rier concentrations, is sensitive to the band gap underestimate
of DFT. In our analysis, we do not employ anyad hoc band
gap correction scheme, but rather interpret the formation ener-
gies within the calculated band edges indicated in Fig. 5. Var-
ious schemes have been employed in the literature, including
a rigid shift of the conduction band edge to match the exper-
imental band gap,30–34 however recent work combining DFT
andG0W0 calculations showed that suchad hoc schemes ap-
plied without proper justification can lead to poorer prediction
of defect concentrations than application of no correctionat
all.11

Our results for the pristine crystal suggest that growing
GaTe in Ga-rich conditions could suppress at least one of
the near-midgap deep levels by substituting TeGa (which in-
troduces one shallow and one deep level) for GaTe (which in-
troduces two deep levels). Reducing the concentration of such
deep levels would contribute to increased carrier lifetimes in

the material. In addition, Ga-rich conditions reduce the occur-
rence ofVGa shallow acceptors in favor of Gai shallow donors,
promoting better carrier compensation (see Section III E) and
higher material resistivity than presently observed in as-grown
p-type material. Finally, we shall show in section III F that Gai
and GaTe are much weaker scatterers than Tei and TeGa.

B. Accidental impurities

As mentioned above, as-grown GaTe has always been re-
ported to possesp-type character. However, an analysis of
the net carrier concentrations in intrinsic material (discussed
in more detail below in Sect. III E), based on the intrinsic de-
fect formation energies calculated above, predictsn-type in-
trinsic material except for the most Te-rich conditions [see
Fig. 13(a)]. Then-type character of Ga-rich intrinsic mate-
rial arises from a large concentration of Gai, while there is
a more complicated interplay of defects for extreme Te-rich
conditions. Thus, accidental impurities in the as-grown ma-
terial may be significant, particularly in regard to creating the
observedp-type conductivity.

Here, we consider O and H as possible accidental impuri-
ties. Figure 10 shows the calculated formation energies for
O and H incorporated on various substitutional and interstitial
sites, for Te-rich conditions. For O [Fig. 10(a)], the behavior
is similar to Te intrinsic defects, both elements being group
VI chalcogens. The dominant defects are O interstitials, how-
ever they are electronically neutral throughout the band gap.
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FIG. 8: (Color online) Relaxed symmetries and distances between
atoms around defects on different Ga sites. TheVGa, TeGa, and GeGa

defects are compared for Ga sites 1 and 3. Jahn-Teller distortions
are much more pronounced forVGa (top panels) and TeGa (middle
panels) than for a substitutional Ge dopant (bottom panels).

Substitutional OTe is also neutral, while OGa introduces a deep
acceptor state, but the formation energy of Ga substitutions is
considerable higher than for the other O defects.

Hydrogen defects [Fig. 10(b)] are all shallow acceptors,
with interstitial incorporation again favored. Substitutional
HGa is a shallow double acceptor which is dominant for Fermi
levels close to the conduction band minimum, while HTe sub-
stitutions are not favored. The strong acceptor nature of H
impurities in GaTe implies that growth processes that inhibit
H incorporation may improve material resistivity (more de-
tails in Sect. III E). Oxygen impurities, on the other hand,
while highly soluble in the material, may not be too detrimen-
tal from a resistivity/free-carrier point of view.

C. Dopants

Judicious doping of the semiconductor can be an effective
means to optimize the resistivity, carrier mobility, and carrier
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FIG. 9: (Color online) Acceptor levels for all intrinsic defects in
GaTe relative to the valence band maximum (set to 0 eV). The red
lines indicate the positions of charge state transitions ofeach defect,
which were marked by squares in Fig. 5. The blue dotted lines indi-
cate the positions of experimentally measured levels.6

FIG. 10: (Color online) Formation energies of (a) oxygen and(b)
hydrogen impurities on various incorporation sites in GaTe, for Te-
rich conditions. Calculated LDA band gap is indicated by thevertical
dashed lines.
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FIG. 11: (Color online) Formation energies of In dopants in GaTe,
incorporated on different sites, for Ga-rich conditions. Calculated
LDA band gap is indicated by the vertical dashed lines.

lifetime. This can be achieved by introducing Fermi-level pin-
ning and/or carrier compensating defects and by modifying
the presence of carrier trapping deep centers.12,35,36For GaTe,
which has been shown experimentally to present an excess of
holes, we seek a dopant that will compensate the material with
free electrons. Thus, natural candidates are elements thatsub-
stitute the cations with higher valency atoms, such as groupIV
or V elements substituting Ga. Isovalent doping may also be
advantageous if certain electronic property modification arise
due mainly to differences in electronegativity of the dopant
atom compared to the host atom.

Experimentally, isovalent doping of GaTe with In was
attempted.6 It was observed that one of the deep levels iden-
tified in the as-grown material disappeared and a new shallow
level appeared. The authors argued that In atoms could oc-
cupy Ga vacancies, which might suppress the occurrence of
both deep and shallow levels related toVGa and introduce a
new shallow level. The new shallow level was speculated to
be a complex of Ini–VGa.

We tested computationally the possibilities of doping GaTe
both with isovalent and higher valency elements. The results
for In and Ge are shown in Figs. 11 and 12, respectively.

We find that In prefers to incorporate by substitution of
Ga sites (both sites 1 and 3 about equally), with InGa be-
ing electronically inactive (neutral throughout the band gap).
Interstitial In is a shallow donor, and the lowest formation
energy electrically active defect. Since the fraction of In
dopants incorporated as interstitials is expected to be low
(∝ exp [−(∆Ef,Ini

−∆Ef,InGa)/kBT ] at equilibrium), in-
dium doping may be able to contribute to compensation of the
intrinsic acceptor defects, but would also contribute a much
larger concentration of neutral substitutional defects. Substi-
tutional InTe are shallow acceptors, but these are not expected
to contribute due to the much higher formation energy. In ad-
dition to the formation energies for the Ga substitutions not
showing a site dependence, Fig. 11 shows that the electronic
properties also are not site dependent for In dopants. This lack
of Ga site dependence seems to be universal for extrinsic de-
fects (see also Fig. 12, for example), which is counter to the

FIG. 12: (Color online) Formation energies of Ge dopants in GaTe,
incorporated on different sites, for (a) Te-rich, (b) stoichiometric, and
(c) Ga-rich conditions. Calculated LDA band gap is indicated by the
vertical dashed lines.

behavior of intrinsic defects like TeGa orVGa. Our calculations
for the Ini–VGa complex predicted it to be unstable, due to the
Coulombic attraction between the oppositely charged isolated
defects leading to annihilation into the neutral InGa; thus, no
new shallow level is predicted to occur from such a complex.

Germanium, as a group IV element, is a donor when sub-
stituting Ga, which is favored for Te-rich conditions [see
Fig. 12(a)]. In Ref. 25, theoretical calculations of germanium
on gallium sites in GaTe were reported with results similar to
owers. The authors, however, did not consider Te sites for
Ge incorporation. Again, we see no Ga site dependency. For
Ga-rich conditions, GeTe double shallow acceptors are at least
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comparable in concentration to GeGa. Interstitial Ge is not fa-
vored under any conditions and is either a neutral defect or
possibly introduces a very deep acceptor state. At some value
of chemical potential difference between stoichiometric and
the extreme Ga-rich limit, the formation energies for Ge1+

Ga

and Ge2−Te cross, leading to an interesting site-dependent am-
bipolar behavior. Such behavior may be exploited to achieve
self-compensation through a careful annealing process. For
example, by growing the material under Ga-rich conditions
then partially annealing for a time in a Te-rich environment,
a controlled conversion of a fraction of initially incorporated
GeGa dopants into GeTe and a consequent pinning the Fermi
level could be achieved. A similar type of ambipolar behavior
was recently observed for Sn dopants in AlSb.12

Indeed, GaTe samples doped mildly with Ge experimen-
tally showed better response to radiation measurements.37 Im-
proved control of the Ge incorporation could further improve
the resistivity, as our more quantitative analysis in Sect.III E
shows. Interestingly, our results here related to Ge co-doping
support the conclusion from Sect. III A on intrinsic defects,
that Ga-rich growth should promote higher quality radiation
detection material.

Further discussions of the effects of In and Ge dopants on
the net carrier concentration (resistivity) and carrier scattering
(mobility) are found below in Sects. III E and III F.

D. Competing phases

When atoms of extra elements are added to the growth pro-
cess with the intention of doping the resulting material, in
addition to simply becoming incorporated into the lattice of
the pristine material, there is the possibility that such dopants
will form competing phases with one or more of the origi-
nal elements. For example, In can react with Ga and/or Te
atoms to form InTe, In2Te3, In2Te5, In4Te3, GaInTe2, and
other compounds. As a matter of fact, it has been shown that
the formation of InTe may be crucial to obtain high quality
ohmic contacts on GaTe, whereas the formation of GaInTe2

is detrimental.38 Germanium also combines with Te to form
GeTe. In addition to these phases, Ga and Te can also com-
bine with O to form a very complex structure.39 The presence
of possible competing phases restricts the range of chemical
potentials in Eq. (2). This issue is partially approached in30.
Qualitatively, the formation of competing phases can have the
effect of removing an excess of a certain host element in the
crystal as it reacts to form the secondary phase. For example,
since In and Ge combine with Te atoms rather than gallium to
form compounds, the presence of In or Ge in GaTe can help to
shift the chemical equilibrium towards Ga-rich/Te-poor con-
ditions. As already noted above, Ga-rich growth conditions
should promote higher quality radiation detection material, so
In and/or Ge doping may be favorable in this regard. This
chemical effect is in addition to the doping effect when the el-
ement is incorporated into the host crystal lattice, modifying
the net carrier concentration and shifting the electron chem-
ical potential. These latter effects are discussed in the next
section.

E. Net carrier concentration

Using the results from the previous sections, we can apply
Eq. (5) for the charged defects to calculate the concentration
of free carriers – electrons and holes – introduced in the GaTe
crystal by intrinsic and extrinsic defects. The prefactorc0 in
Eq. (5) corresponds to the density of possible incorporation
sites for the specific defect, including a multiplicity factor that
accounts for symmetry. All atomic sites in the primitive cell of
GaTe are on Wyckoff positions “i” (of group C2/m unique axis
b). In our calculations, we have grouped together sites labeled
2 and 3 on Fig. 3, since the atomic environments and elec-
tronic properties are very similar for those two sites for both
Ga and Te atoms, as indicated by the PDOS analysis shown
in Fig. 4. Therefore, for defects on sites 2 and 3, the prefac-
tor c0 = 2

3
Ω−1

0 , whereΩ0 is the primitive unit cell volume),
whereas for defects on site 1,c0 = 1

3
Ω−1

0 . The multiplici-
ties of interstitial sites also follow this rule, since evendefects
having starting configurations with lower multiplicities than
Wyckoff position “i” (such as theI1 site on Wyckoff position
“b”) were found to relax into positions “f,” “g,” or “h,” which
have the same multiplicity as position “i.”

Charged defects will introduce either holes or electrons in
the crystal depending on whether they are acceptors (q < 0) or
donors (q > 0), respectively. Those free carriers are balanced
by the total of charged defect cores left behind through the
charge neutrality equation

n(µe) +
∑

i:qi<0

qici = p(µe) +
∑

j:qj>0

qjcj , (6)

where theci are the concentrations of charged defects given
by Eq. (5),qi are the charges, andn(µe) andp(µe) are the
concentrations of free electrons and free holes in the material,
respectively, given by

n(µe) =

∫

CBM

∞

D(ε).[1 + exp(
ε− µe

kbT
)]−1dε

p(µe) =

∫

∞

V BM

D(ε).{1− [1 + exp(
ε− µe

kbT
)]−1}dε, (7)

whereD(ε) is the electronic density of states of the host crys-
tal. In Eq. (6), the summation on the left hand side represents
a sum over all acceptors and on the right hand side a sum over
all donors in the crystal. Note that the formation energy given
by Eq. (2) that appears in Eq. (5) forci depends on the elec-
tron chemical potentialµe. However,µe is modified by intro-
ducing free carriers in the material. Therefore, to obtain the
equilibrium electronic chemical potentialµe, which isa priori
unknown, we need to solve Eqs. (5), (6), and (7) iteratively to
obtainµe, n, andp self-consistently.

When evaluating these equations in the presence of extrin-
sic defects, we fix the total concentration of each extrinsic
defect in the crystal and obtain the relative fraction in each
possible incorporation site and charge state from the forma-
tion energies. This means that we do not treat the calculated
formation energies of extrinsic defects as absolute valuesthat
are directly compared to the formation energies of the intrin-
sic defects. Note that the equilibrium temperature for defect
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formation in Eq. (5) and the free carrier temperature in Eq. (7)
should be independently chosen. The latter corresponds to the
actual operating condition of the device (taken as 300 K in this
work) since the free carriers will thermalize; the former isas-
sociated with freeze-in of defects as the material cools down
from the melt and defect diffusivities decrease. In our analy-
sis, we assume a constant freeze-in temperature for all defects,
which we treat as a parameter set to an elevated temperature
in the range of 600 K up to the growth (melt) temperature of
1100 K (1097 K).

In Fig. 13(a) we show the calculated concentration of net
carriers in intrinsic GaTe as a function of the chemical po-
tential difference∆µ = µTe − µGa (negative∆µ is Ga-
rich/Te-poor and positive∆µ is Te-rich/Ga-poor). The solid
lines indicate excess electrons (n-type conductivity), while the
dashed lines indicate excess holes (p-type), so we see that
a type change occurs at moderately Te-rich conditions. For
most conditions, from Ga-rich to moderately Te-rich, the in-
trinsic material isn-type; only under highly Te-rich conditions
is the intrinsic material predicted to bep-type. This behavior
is a consequence of the high occurrence of Gai, which is the
only donor of all intrinsic defects studied. The occurrenceof
Gai is significant even for Ga-poor conditions, but for highly
Te-rich conditions, other defects such asVGa and TeGa (both
acceptors) are more prevalent and switch the materialp-type.
As-grown material has always been reported to showp-type
conductivity experimentally,4–9 which hints that unintentional
impurities convert the intrinsic material top-type conductivity.
We note generally a moderately low intrinsic net free carrier
concentration overall, if no impurities are present.

Therefore, to explain the observedp-type character of
GaTe, we either must have material grown under very Te-
rich conditions or we have to consider accidental incorpora-
tion of impurities. For this purpose, we consider two of the
most ubiquitous contaminants, O and H, as already discussed
in Sect. III B. In Figs. 13(b) and (c) we show the net carrier
density of intrinsic GaTe including an added impurity con-
centration of 1017 cm−3 of O or H, respectively. We see that
O impurities [Fig. 13(b)] do not have a large impact on the
free carrier concentration of GaTe, since most O impuritiesare
neutral as shown above in Fig. 10(a). Hydrogen, on the other
hand, dramatically changes the situation, since those impuri-
ties add acceptors to the material [see Fig. 10(b)] and make it
p-type under most conditions. For illustration, in Fig. 13(d)
we show the result of including both O and H impurities, but
with the concentration of O impurities set two orders of mag-
nitude higher (1019 cm−3) than H (1017 cm−3). Even with
the concentration of O impurities being two orders of magni-
tude above that of H, we still obtainp-type character for most
conditions, in line with the experimental reports. Since these
impurities are prevalent, their presence likely represents the
state of as-grown undoped experimental material. As a model
for the as-grown undoped material, we take the conditions of
Fig. 13(d).

In Fig. 14 we analyze the compensation doping effects
of Ge and In, as discussed above in Sect. III C. We begin
with the baseline as-grown material from Fig. 13(d) (includ-
ing 1017 cm−3 H and1019 cm−3 O) and add increasing con-

centrations of Ge:5 × 1016, 1017, and5 × 1017 cm−3, for
Figs. 14(a), (b), and (c), respectively. Although fairly good
compensation is seen in Fig. 14(b), it is also evident from
Figs. 14(a) and (c) that small variations of only half an order
of magnitude in the concentration of Ge completely change
the type of dominant free carrier in the material and the com-
pensation is correspondingly very sensitive. Therefore, direct
compensation of GaTe with Ge, although possible, needs to be
very carefully tuned. We have already discussed in Sect. IIIC
that Ge can act as either a donor or an acceptor, depending
on whether incorporated on Ga or Te sites, both of which
are favorable under different chemical environments. Thus, a
careful annealing process with the chemical environment held
at the opposite extreme from the growth environment, as de-
scribed above in Sect. III C, may be used to tune the compen-
sation for a given incorporated concentration of Ge. This pro-
cess would correspond to tuning horizontally along the curves
in Fig. 14 to find the type-crossover point or minimum carrier
concentration point.

Finally, Fig. 14(d) shows the result for the same situation as
in Fig. 14(b) (H:1017 cm−3, O: 1019 cm−3, Ge:1017 cm−3)
but also adding1019 cm−3 In dopants. It is clear that the ad-
dition of In, even at such high concentrations, does not affect
very much the density of free carriers in the material. This
is expected, since Fig. 11 shows that In is electronically inac-
tive on Ga sites, introducing electrons only when it is present
on interstitial or Te sites, which are not favorable due to the
higher formation energy. However, as discussed in Sect. IIID,
the presence of In can shift the chemical equilibrium towards
Ga-rich conditions during growth, which reduces the occur-
rence ofVGa, affecting the compensation and net carrier con-
centration. Thus, the results here are not incompatible with
the experimental observation that incorporation of In in GaTe
increases the resistivity of the material.6

F. Carrier scattering by defects

In addition to possibly introducing free carriers that add
background noise to a radiation detector and possibly intro-
ducing intragap levels that trap carriers, defects also canre-
duce the mobility of photon-induced carriers by disturbingthe
otherwise perfectly periodic lattice and introducing scattering
centers. Here, we are mainly concerned with comparing and
ranking the detrimental effect on carrier mobility of a set of
defects (intrinsic or impurity), related to the lattice distortion
introduced by the defect. The additional effect of Coulomb
scattering degrades the carrier mobility as well (for charged
defects), however this long-range effect is essentially identi-
cal for all defects with the same magnitude of charge. Since
most of the pertinent defects for this analysis are either single
charged or neutral, we simply focus on the relative scatter-
ing rates due to the lattice distortion and assume a constant
Coulomb scattering contribution for charged defects.

To calculate the carrier scattering rate by a defect, we use
Fermi’s golden rule to evaluate the scattering rate betweentwo
electronic statesΨf (k

′) andΨi(k), with energiesεf andεi,
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FIG. 13: (Color online) Net carrier concentration at 300 K asa function of chemical potential difference∆µ = µTe−µGa, for different defect
freeze-in temperatures indicated on the plots (blue lines:600 K, magenta lines: 850 K, yellow lines: 1100 K). (a) Intrinsic defects only; (b)
intrinsic defects + 1017 cm−3 O impurities; (c) intrinsic defects + 1017 cm−3 H impurities; (d) intrinsic defects + 1019 cm−3 O + 1017 cm−3

H impurities. Thick lines indicate excess electrons (n-type conductivity), while thin lines indicate excess holes (p-type conductivity). Positive
∆µ corresponds to Te-rich conditions, while negative∆µ corresponds to Ga-rich.

as10

Wij =
2π

~
|〈Ψf (k

′)|Vpert|Ψi(k)〉|
2
δ(εf − εi) (8)

whereVpert(r) = Vd(r) − V0(r) is the perturbation potential
taken as the difference of the total potential in the defect cell,
Vd(r), and the ideal cell,V0(r), with the defect cell includ-
ing full atomic relaxation. Equation 8 must be averaged over
all pairs of states in the Brillouin zone to get the total scatter-
ing rate, but it has been shown that a relative measure of the
average scattering rate can be obtained fromVpert alone via10

M̃2 =

(
∫

dr|∇Vpert|

)2

. (9)

Figure 15 shows the results of evaluating Eq. (9) for the set
of defects considered in this work for GaTe. For both Ga and
Te interstitials, only siteI1, the one with the lowest forma-
tion energy among the four tested, is included. We see that
Tei introduce the highest scattering among intrinsic defects,
followed by VGa andVTe. Interstitial Ge are strong carrier
scattering centers, but they should be much less frequent than
germanium incorporated on either Ga or Te sites, as seen in

Figs. 12. Most other extrinsic defects considered are moder-
ate to low scatterers.

IV. ANALYSIS

The results in Fig. 15 must be analyzed in conjunction with
the results from the previous sections. In order to optimizethe
performance of the crystal as a radiation detector, we should
favor:

1. defects with lower charge states (neutral) instead of
ones in higher charge states.

2. charged defects that introduce shallow levels instead of
deep ones.

3. defects that introduce less structural distortions (weak
carrier scatterers).

In addition, we seek to compensate intrinsic free carriers in
the material through dopants, respecting the precepts stated
above as much as possible.

For example, despite being strong carrier scatterers, Tei are
neutral across the band gap of GaTe, so they do not add free
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FIG. 14: (Color online) Same as Fig. 13(d), but including Ge and In impurities as well. (a) Ge:5 × 1016 cm−3, (b) Ge:1017 cm−3, (c) Ge:
5 × 1017 cm−3, (d) Ge: 1016 cm−3, In: 1019 cm−3. The concentration of H and O impurities, respectively, is1017 and1019 cm−3 in all
cases.

carriers or intra-gap levels. However, another defect thatis fa-
vored under Te-rich growth situation, TeGa antisites, introduce
two deep levels in the gap of GaTe (see Fig. 9), in spite of be-
ing electronically self compensating and not introducing free
carriers, as shown in Fig. 5(c). These defects are moderate
carrier scattering centers. On the other hand GaTe is an accep-
tor that introduces only one deep level in the crystal and is a
much weaker carrier scatterer than the other two defects just
mentioned. Gallium interstitials are the second weakest car-
rier scatterers among the intrinsic defects, after GaTe. Gallium
interstitials are also the only native donors observed in GaTe
[see Fig. 5(c)]. The frequency with each defect occurs is given
by Eq. (5). The carrier scattering rate goes with the square of
the scattering strengthM (Eq. (9)), indicated in Fig. 15.

These results indicate that a Ga-rich growth environment is
preferred, since it reduces the presence of carrier traps associ-
ated with defects such as TeGa andVGa, which along with Tei
also happen to scatterer carriers much stronger than defects
which are prevalent under Ga-rich conditions, such as GaTe

and Gai. In addition, Gai is the only intrinsic donor we found,
and its presence can result in better compensated material with
higher resistivity.

Regarding extrinsic impurities, we see in Fig. 15 that O im-
purities, despite introducing moderate carrier scattering cen-
ters, are mostly electronically inert. Therefore, unless Ois

present in amounts large enough to cause formation of com-
peting phases to GaTe39 (see Sect. III D), its presence is not
a major limiting factor for the performance of GaTe radiation
detectors. Hydrogen, on the other hand, is not such a strong
carrier scatterer, but it is a strong trap for electrons, as dis-
cussed in Sect. III B. Thus, H is much more detrimental to the
crystal’s electronic properties than O. Since the most favor-
able configuration for H impurities in GaTe is a very mobile
interstitial, it would be extremely difficult to limit its occur-
rence even if the crystal is grown in a highly pure chamber.
Incorporation of H is also likely to occur during operation of
the device, particularly if specially-designed encapsulation is
not employed.

Doping with In does not add significant carrier scattering
to the crystal, nor does substitutional Ge (on either Ga or Te
sites). On interstitial sites, however, Ge becomes a strongcar-
rier scatterer, however it does not introduce significant num-
bers of free carriers to the crystal. However, as shown in
Sect. III C, under Ga-rich conditions and for nearly intrinsic
or compensated material (Fermi level close to the middle of
the band gap), the formation energy of these interstitials is
about 0.5 eV higher than the substitutional configurations on
Te or Ga sites. In fact, the Fermi level can be pinned near
the middle of the gap by the incorporation of substitutional
Ge dopants on both sites, as shown in Fig. 12 and discussed
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FIG. 15: (Color online) Relative average scattering strengths of in-
trinsic defects (green solid bars), impurities (blue dashed bars ) and
dopants (red shaded bars) in GaTe. Only the lowest formationenergy
configurations are shown for Ga and Te interstitials (siteI1) and for
extrinsic defects. The value forVGa1 was set as unity.

in Sect. III C. These results indicate that both In and Ge are
good candidates for compensation doping of GaTe. In addi-
tion to their advantageous properties described above, neither
one would significantly degrade charge transport in the crys-
tal.

V. CONCLUSIONS

Given its complex and layered structure, even perfect crys-
talline GaTe presents highly dissimilar electronic properties
in different directions, with carriers almost six times heav-
ier along one of the in-plane directions (perpendicular to the
horizontal Ga–Ga bonds shown in Fig. 3) than in the other
in-plane direction, as well as across the atomic layers. Con-
sidering the highly anisotropic effective masses and the fact
that the carrier mobilities across the stack of atomic layers
are dominated by homopolar optical phonon scattering, one
should carefully choose where to place the electrical con-
tacts with respect to crystallographic directions when fabri-
cating devices for detectors or for characterization measure-
ments. Also due to the anisotropy of its crystal structure,
GaTe is a material prone to several intrinsic defects. More-
over, its highly anisotropic structure can cause defects ondif-
ferent sites to present markedly different electronic behavior.
As a consequence, different electronic gap states identified ex-
perimentally can be associated with a single transition of a
given defect, but with the defect in different symmetry envi-
ronments of the crystal. TheV 2−/−

Ga and Te+/−
Ga are important

examples.
The most frequent native defects are Te and Ga intersti-

tials, respectively, for crystals grown under Ga-rich or Te-rich
conditions. The Tei, although electronically inactive, is the
strongest carrier scatterer (most detrimental to carrier mobili-

ties) found in our analysis, while the Gai is a relatively weak
carrier scatterer and is the only intrinsic donor identifiedin
GaTe. The TeGa antisites that also are prevalent in Te-rich
material are moderate carrier scatterers and also introduce at
least two deep levels into the material (detrimental to carrier
lifetimes). Gallium-rich crystals, on the other hand, havea
higher concentration of GaTe antisites, which are weak carrier
scatterers and only introduce one deep and one shallow level
in the band gap. Moreover, Ga-rich crystals have higher con-
centrations of Gai which are the only donors identified among
the intrinsic defects analyzed. Their presence help compen-
sate acceptor-type impurities which have invariably have been
reported experimentally to-date. Finally, shifting the stoichio-
metric balance towards Ga-rich conditions reduces the occur-
rence ofVGa, which are strong carrier scatterers and also in-
troduce deep levels. Our analysis strongly suggests that Ga-
rich material should have significantly higher resistivity, car-
rier mobilities, and carrier lifetimes compared to Te-richma-
terial.

As Te is a chalcogen, contamination by O atoms in GaTe is
expected to happen easily. This is not a major concern, since
O is electrically inactive and also a weaker carrier scatterer
than most intrinsic defects in GaTe, thus neither resistivity nor
mobility is strongly affected by O impurities. Hydrogen im-
purities, on the other hand, are a major concern, as they con-
tribute strong shallow acceptor states that are suspected to at
least account partly for thep-type character always observed
in as-grown GaTe. Since H tends to incorporate in interstitial
sites on GaTe, it is probably insufficient to control the purity
of the chamber during growth to prevent the occurrence of H
contamination; it is likely to happen during operation of the
device, upon exposure to the atmosphere.

Although In is mostly electronically inactive in GaTe, its
presence can be beneficial for achieving high quality GaTe
for radiation detectors. Indium can form several compounds
with excess Te atoms, shifting the chemical equilibrium dur-
ing crystal growth towards more Ga-rich conditions, conse-
quently decreasing the occurrence of detrimentalVGa, TeGa

and Tei defects.
Germanium doping—due to its ambipolar electronic behav-

ior in GaTe, being an acceptor on Te sites and a donor on Ga
sites—can be an effective way to compensate the material and
increase resistivity, particularly if a carefully controlled an-
nealing process can be used to tune the chemical environment
of the dopants. Incorporation of Ge, as well as incorporation
of In, does not significantly degrade charge transport in the
crystal by introducing carrier scattering.
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